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Abstract
The U.S. Geological Survey (USGS) has evaluated the potential for undiscovered oil and gas resources of the Tunguska Basin Province as part of the Circum-Arctic Resource Appraisal (CARA). The Tunguska Basin Province includes an area of approximately 904,000 km 2 ; less than half the area of the province lies north of the Arctic Circle. The Tunguska Basin Province includes a large part of the Siberian craton and consists of several subbasins. The province is almost completely covered by Permian to Triassic volcanic rocks. Although some oil and gas fields have been discovered and produced in the province south of the Arctic Circle, no discoveries have been made north of the Arctic Circle as of 2008. The part of this province lying north of the Arctic Circle was evaluated for undiscovered, technically recoverable, conventional oil and gas resources. Because of a low geologic probability for the occurrence of significant oil and gas accumulations (50 million barrels of oil equivalent or more), the Tunguska Basin Province north of the Arctic Circle was not quantitatively assessed as part of CARA.
Tunguska Basin Province
This chapter describes the data and reasoning used by the U.S. Geological Survey (USGS) to evaluate undiscovered, technically recoverable conventional petroleum resources in a portion of of the Tunguska Basin Province north of the Arctic Circle. Here we synthesize results of previous studies and recast the geologic models in light of petroleum system elements.
Province Boundary Definitions
The Tunguska Basin Province includes an area of approximately 904,000 km 2 and less than half of that area lies north of the Arctic Circle ( fig. 1 ). The Turukhan-Norilsk Folded Zone Province and the eastern part of the Turukhan-Igarka Uplift Province, along the western boundary of the Tunguska Basin, were included in this assessment. The Tunguska Basin Province, which constitutes a large part of Siberian craton, and several subbasins, is almost completely covered by Permian to Triassic volcanic rocks (which constitute trap deposits). Where exposed, the stratigraphic section ranges in age from Proterozoic (Riphean) to Paleozoic (Devonian), with Triassic and possibly older igneous sills present throughout the stratigraphic section above the Proterozoic (Riphean and Vendian) rocks. Volcanic rocks comprise as much as 25 percent of the section. Near the western and eastern basin margins, the volcanic rocks have been eroded, exposing Cambrian to Devonian rocks. The province borders the Yenisey-Khatanga Basin Province to the north, the Turukhan-Igarka Uplift Province and Yenisey Ridge Province to the west, Baykit High Province to the south, and the Anabar-Olenek High Province and Nepa-Botouba High Province to the east ( fig.1 ).
Petroleum Occurrence
In the Tunguska Basin Province, five gas and condensate fields have been discovered in Proterozoic rocks, but these fields are all south of the Arctic Circle and therefore not considered part of the Circum-Arctic Resource Appraisal area. The Volodinskoye gas and condensate field in the TurukhanNorilsk Folded Zone, along the western boundary of the Tunguska Basin Province, was the first discovery in the province. Five gas and gas/condensate fields, and one oil field, were discovered before 1990 on anticlines and monoclines. No oil or gas discoveries had yet been made north of the Arctic Circle at the time of the CARA evaluations (2008).
Tectonostratigraphic Evolution
The Siberian craton consists of crystalline rocks and overlying Proterozoic sedimentary rocks deposited in intracratonic rifts (Ulmishek, 2001a) . The Tunguska Basin developed on the Siberian craton as a late Proterozoic to Paleozoic sag basin over rifts ( fig. 2 ). Paleozoic rocks, mainly carbonates, were deposited along the margins of the craton and are overlain by a progressively outward-thickening Mesozoic section (Persits and others, 1998; Persits and Ulmishek, 2003) .
The Siberian craton was located in low and equatorial latitudes throughout the Proterozoic and early Paleozoic, with Kuznetsov (1997) and Ulmishek (2001a, b) .
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The development of petroliferous areas of the Siberian craton, such as the Tunguska Basin, was a result of deposition of passive margin sediments that later went through several episodes of extension and compression. Major extensional events occurred during the late Proterozoic (early Riphean) and Devonian. Major plate collisions occurred during the early Paleozoic, Permian, and late Mesozoic.
Proterozoic
The basement of the entire Siberian craton is composed of Archean to lower Proterozoic crystalline rocks (Ulmishek, 2001a) . Intracratonic extension and rifting occurred during late Proterozoic time (Riphean), along with deposition of as much as 10 km of carbonate and clastic sediments (Kuznetsov, 1997) . Sediments were thickest along the passive continental margins of the Siberian craton and thinner elsewhere.
Uplift, deformation, and erosion during late Proterozoic time resulted in an angular unconformity within the Proterozoic section, between Riphean and overlying Vendian rocks (Zonenshain and others, 1990; Ulmishek, 2001a) . Clastic sediments were deposited in the lower part of the Vendian section, and transitioned upward into primarily carbonate rocks. The upper part of the Vendian section is truncated by an unconformity and is represented by a thin interval of carbonate rocks that include dolostone and localized beds of anhydrite.
Uplift isolated the southern part of the Siberian craton, allowing a large shallow lagoon to develop during the late Vendian and Early Cambrian, into which evaporites were deposited (figs. 3, 4). The lagoon was rimmed by carbonate shelves on the present-day southeastern and southwestern margins of the craton, and separated from the open ocean by reefs along the present-day north and northeast margins (Astashkin and others, 1984; Gogina and Leonov, 1983; Bakhturov and others, 1990; Ulmishek, 2001a) .
Paleozoic
Carbonate platform and shelf conditions continued on the Siberian craton and along the rifted passive margins into the early Paleozoic. Lower and Middle Cambrian rocks include alternating beds of dolostone, salt (halite), and anhydrite as a result of episodic subaerial exposure (Ulmishek, 2001a) . Organic-rich (bituminous) mudstone was deposited beyond the reefs in the north and northeast part of the craton during the Early and Middle Cambrian. The Upper Cambrian interval contains dolostone with anhydrite, and clastic rocks. Ordovician rocks are primarily carbonates in the lower part of the section, grading to mostly clastic rocks in the upper part and into the Silurian section. Younger Paleozoic rocks are absent across most of the Siberian craton because of nondeposition and erosion (Ulmishek, 2001a) . The southern and interior parts of the craton remain elevated.
The Siberian craton drifted northward during the Devonian to Triassic (Zonenshain and others, 1990) . During the Devonian, the craton passed over a mantle plume (hot spot), causing rifting and magmatism along the present-day eastern and northern margins of the craton. Carbonate and evaporite rocks were deposited in the rifts, where organic-rich mudstone could have been deposited prior to evaporite deposition (Ulmishek, written commun., 2006) .
As the Siberian craton drifted northward, it moved from a warm dry climate at low to middle latitudes into a cooler humid climate at higher latitudes. The margins of the craton remained passive during the late Paleozoic and into the early Mesozoic, and thick successions of deltaic, paralic, nearshore marine, and submarine fan strata were deposited along the margins. Silurian and younger Paleozoic rocks thin upward or are absent ( fig. 3 ).
Mesozoic and Cenozoic
During the late Permian to Early Triassic, collision of the Siberian craton and Kazakh Plate with the East European craton deformed the western edge of the Siberian craton from the Yenisey Ridge to the Turukhan-Igarka Uplift and formed the Turukhan-Norilsk Folded Zone (Ulmishek, 2001b) .
Extension, magmatism, and volcanism occurred during the Permian and Triassic, and a triple junction formed along the present-day northwest margin of the Siberian craton (Allen and others, 2006) . Rifting resulted in the emplacement of flood basalts across the Tunguska Basin and igneous sills within the stratigraphic section ( fig. 4) . A central basin developed in the Mesozoic section of the Siberian craton. A regional sag developed during the Triassic and Jurassic into which clastic rocks were deposited. Episodic uplift during the Mesozoic and Cenozoic inverted grabens and caused much of the postTriassic sedimentary cover to erode. Tectonic movements and uplift resumed during the Neogene, forming the present-day dissected topography across the province (Ulmishek, 2001a) (fig. 3) .
Petroleum System Elements
A Proterozoic-Silurian composite total petroleum system (TPS) was identified in the Tunguska Basin Province. The TPS name implies that potential source and reservoir rocks occur in both Proterozoic and Paleozoic (up to Silurian) stratigraphic successions. Most of the Mesozoic section in the assessed area is absent. Seal rocks, traps, and timing are also elements of the TPS. A lithostratigraphic column and events chart for the TPS is shown in figure 5 . The Proterozoic-Silurian Composite TPS encompasses the Tunguska Basin, the Turukhan-Norilsk Folded Zone Province, and the eastern part of the TurukhanIgarka Uplift Province ( fig. 1 ). . Lithostratigraphic column and total petroleum system events chart showing petroleum system elements for the Tunguska Basin Province. Data from Bobilev (1985) , Filipiov and others (1999) , Grausman (1996) , Kontorovich and others (1994) , Lebchuk (1990 ), Shenfil' (1991 , Isaev (1999), and Surkova (1987) . Source rocks column shows the percent of the world's total petroleum reserves generated by source (modified from Ulmishek and Klemme, 1990) . Average global temperature data is from Frakes and others (1992) and Barrett (2003) . Sea level curve is from Golonka and Kiessling (2002) and Hardenbol and others (1998) . Geologic time scale is that of Gradstein and others (2004) . Geologic chart designed by P.J. McCabe (written commun., 2006) .
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Source Rocks.-Presumed source rocks in the Proterozoic-Silurian Composite TPS include Riphean, Vendian, and Cambrian mudstones, as inferred by the presence of petroleum that was generated by similar source rocks in the southeastern portion of the Siberian craton (Kashirtsev and others, 1997) . Geochemical source rock to petroleum correlations within the Tunguska Basin Province, however, were not available for this study. Riphean mudstones are relatively widespread and have total organic carbon (TOC) contents averaging from 1.2 to 1.9 weight percent and as high as 7 to 8 weight percent (Kuznetsov, 1997) . Vendian mudstones are reported to have generated hydrocarbons elsewhere on the Siberian craton (Bakhturov, 1985; Ulmishek, 2001a) and they might have generated hydrocarbons within the TPS. Riphean and Vendian source rocks probably became thermally mature for petroleum generation during the early Paleozoic. Cambrian mudstones may have also generated hydrocarbons if they became thermally mature.
Reservoir and Seal Rocks.-Potential reservoir rocks in the Proterozoic-Silurian composite TPS include Riphean carbonates, Vendian dolostones and sandstones (up to 50 m thick), and Upper Cambrian cavernous and fractured dolostones (4 to 70 m thick) (Kontorovich and others, 1997) . The porosity of the sandstone is as much as 20 percent, and permeability ranges from hundreds to thousands of millidarcies (Kuznetsov, 1997) . Seals could potentially be Riphean argillaceous limestones, about 100 m thick, and Vendian evaporite rocks. Thick salt is present in only the southernmost part of the basin. Faults, mudstone, and localized salt also provide seals.
Traps and Timing.-Within the Proterozoic-Silurian composite TPS, a large part of the stratigraphic section is missing because of nondeposition or erosion. Eroded or missing sections are identified in Vendian and Cambrian or Ordovician to Triassic rocks. Triassic and younger rocks are also absent over much of the province, because the province has been a slightly positive feature since the Triassic.
Various types of traps are present in the ProterozoicSilurian composite TPS and include anticlines and faulted anticlines, fault blocks, updip pinchouts in sags and on monoclines, stratigraphic traps, paleochannels eroded into Cambrian carbonate rocks, and grabens that developed as failed rifts from the early Vendian to Devonian. Oil and gas discoveries to date are all associated with anticlines and monoclines (IHS Energy Group, 2007) . The timing of trap formation is early Vendian to Devonian. Permian and Triassic rifting could have created efficient traps, but rifting events occurred after primary petroleum generation and migration.
Assessment Units
Only one assessment unit (AU) was defined for this province, the Tunguska Basin AU, which was not quantitatively assessed for the reasons described below. The boundary of the Tunguska Basin AU coincides with the Proterozoic-Silurian Composite TPS boundary ( fig. 1 ). Thirty-nine percent of the Tunguska Basin AU is north of the Arctic Circle and 100 percent of the province's area is onshore. The stratigraphic section includes upper Proterozoic (Riphean) to Mesozoic sedimentary rocks, including several unconformities, and volcanic rocks.
Significant quantities of hydrocarbons might have been generated within the Proterozoic-Silurian Composite TPS, but the timing of trap development after early Paleozoic petroleum generation and the absence of evaporite rock seals in much of the AU suggests that there is little, if any, oil or gas present in the Tunguska Basin Province north of the Arctic Circle. Evaporite rocks that can provide a seal south of the Tunguska Basin AU are only thick enough to be effective in the southern part of the AU. Emplacement of igneous sills during the Permian through Triassic might have cracked oil to gas, which could have possibly escaped.
Geologic Analysis of Assessment Unit Probability
As of 2007, three gas fields and two oil fields with reported recoverable volumes of less than 50 million barrels oil equivalent (MMBOE) have been discovered in the Tunguska Basin AU, none of which are north of the Arctic Circle (IHS Energy Group, 2007;  fig. 1 ). Three elements of geologic risk are incorporated in an AU probability for quantitative assessment: (1) adequate charge (quantity) of generated petroleum; (2) adequate reservoir and seal rocks for petroleum accumulation; and (3) adequate timing of petroleum maturation with respect to trap formation. Only AUs with a probability of 0.10 (10 percent) or more for existence of one field anywhere in the AU equal to or greater than the minimum field size of 50 MMBOE for quantitative assessment of undiscovered petroleum resources are quantitatively assessed. The estimated AU probabilities and the reasons for these estimates are listed below and reported in appendix 1.
Charge Probability-A charge probability of 0.8 is estimated because source rocks in this AU have not been identified and might not exist.
Rocks Probability-A rock probability of 0.7 is estimated because the presence and quality of reservoir and seal rocks in the AU are not known and might not be adequate.
Timing and Preservation Probability-A timing and preservation probability of 0.1 is estimated for this AU because of the possible lack of oil and gas retention caused by episodic uplift and erosion that had taken place following early Paleozoic generation.
The product of the estimated AU probabilities (0.8 x 0.7 x 0.1) of this AU is 0.056 (5.6 percent), below the threshold for a full assessment, and therefore the Tunguska Basin AU was not quantitatively assessed.
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Although some oil and gas discoveries and production occur in the Tunguska Basin AU south of the Arctic Circle, no discoveries have been made inside the Arctic Circle at the time of this study. Because of a low geologic probability for the presence of oil and gas accumulations containing 50 MMBOE or more, the Tunguska Basin AU was not quantitatively assessed.
